The significance of Shiga toxin (Stx)-producing Escherichia coli (STEC) O157:H7 as the major cause of hemorrhagic colitis and the hemolytic-uremic syndrome (HUS) worldwide has been well established (for reviews, see references 21, 31, 41, and 60). The recognition of this pathogen has been facilitated by the availability of classical microbiological diagnostic procedures that are based on the characteristic phenotypic feature of this pathogen, in particular, its inability to ferment sorbitol after overnight incubation (40) . However, in addition to E. coli O157:H7, STEC strains of serotype O157:H Ϫ (nonmotile) which do ferment sorbitol rapidly have emerged as important causes of human diseases in continental Europe during the past decade (7, 8, 9-12, 16, 22, 27, 35, 39) . Such strains are missed by diagnostic procedures recommended for the detection of E. coli O157:H7, and their significance in other parts of the world might thus be underestimated. This review summarizes the current knowledge on the significance of sorbitolfermenting (SF) STEC O157:H Ϫ strains as causes of human diseases, the epidemiology of the infection, phenotypic and molecular characteristics of these pathogens, and strategies that are available for their microbiological diagnosis.
SF STEC O157:H ؊ STRAINS AS HUMAN PATHOGENS
SF STEC O157:H Ϫ was first recognized in 1988 during an outbreak of HUS in Bavaria, Germany (26) . During this outbreak, E. coli O157 strains that harbored the stx 2 gene but, in contrast to STEC O157:H7, were nonmotile and fermented sorbitol within 24 h of incubation were isolated from stools of two of six affected children by using molecular methods (26) . The finding of these atypical STEC O157 pathogens in HUS patients resulted in further efforts to determine their significance as causes of human diseases.
In a 3-year (1988 to 1991) prospective controlled study that investigated the role of SF STEC O157:H Ϫ in the etiology of sporadic cases of pediatric HUS and diarrhea in Germany, these pathogens were isolated from 14 (13.5%) of 104 HUS patients and from 3 (0.45%) of 668 hospitalized patients with diarrhea (22) . Several studies performed during ensuing years (10) (11) (12) 29 ; H. Karch, unpublished data) identified SF STEC O157:H Ϫ strains in 3.2 to 17.7% of HUS patients and in 0.4 to 1.5% of patients with diarrhea ( Table 1 ). The relative frequency of SF STEC O157:H Ϫ isolates among all STEC O157 strains isolated in these studies ranged from 13.3 to 40.5% in HUS patients and from 7.4 to 25% in patients with diarrhea (Table 1) .
In the winter of 1995 to 1996, a second, and to date the largest, outbreak of infection caused by SF STEC O157:H Ϫ occurred in Bavaria, Germany (4). Twenty-eight HUS cases in children, three of them fatal, were attributable to this organism. The total number of affected persons could not be determined, but an additional 300 to 600 undetected cases of diarrhea were estimated (4) because HUS develops in only 5 to 10% of persons with symptomatic STEC O157 infection (21, 41) . SF STEC O157:H Ϫ strains were first isolated outside of Germany in 1995 (7) . Both of the pediatric HUS patients from which these strains were recovered lived in northern Bohemia, in a region of the Czech Republic that borders Germany. The lack of an epidemiological association of the Czech HUS patients with Germany (7) made domestic origin of the infection very likely and suggested the ability of SF STEC O157:H Ϫ strains to spread. Accordingly, additional reports of the isolation of such strains from patients with diarrhea or HUS followed during the next few years from Hungary (16), Finland (35) , another region of the Czech Republic (8) , and Austria (3). However, no reports of the isolation of SF STEC O157:H Ϫ outside continental Europe have been published to date.
EPIDEMIOLOGY OF INFECTIONS CAUSED BY SF STEC O157:H

؊
Despite the increasing significance of SF STEC O157:H Ϫ in the etiology of HUS and diarrhea in Europe, the epidemiology of this infection is poorly understood. However, the limited data available till now suggest that the epidemiology of infections caused by SF STEC O157:H Ϫ differs in some aspects from the epidemiology of infections caused by STEC O157:H7 (Table 2 ). In particular, the predominance of SF STEC O157: H Ϫ infections during cold months (4, 7, 8, 26) and in children younger than 3 years (67; Karch, unpublished) may point to differences in the reservoir(s) and/or the vehicle(s) of these infections in comparison to those caused by STEC O157:H7. (Bielaszewska, unpublished) , which have been identified as reservoirs for STEC O157:H7 (6, 34, 37) ( Table 2) . While these observations suggest that cattle and perhaps other animals can be reservoirs of SF STEC O157:H Ϫ strains, the rare isolation of these pathogens from animals led to the assumption that SF STEC O157:H Ϫ strains might be adapted to the human intestine and that humans could be their major reservoirs (32) , similar to the situation known for enteropathogenic E. coli (38) . Further investigation is necessary to confirm this hypothesis.
Vehicles and routes of transmission of SF STEC O157:H Ϫ infection remain unknown in most cases. However, two of the three principal routes of transmission of STEC O157:H7 infection have been also identified for SF STEC O157:H Ϫ ( Table  2) . The large German HUS outbreak in 1995 to 1996 probably had a food-borne origin; two sausages, including mortadella and teewurst, which contains raw beef (4), were identified in a case control study as probable sources of SF STEC O157:H Ϫ infection (4). Direct contact with animals, including a cow (8) and a pony (54) that shed SF STEC O157:H Ϫ strains in their feces, was the most likely route of transmission of the infection to patients in sporadic cases of HUS and diarrhea reported from the Czech Republic (8) and Germany (54) . Although the transmission through direct animal contact suggests that the infectious dose for SF STEC O157:H Ϫ might be very low, similar to that for STEC O157:H7 (64) ( Table 2) , this remains to be determined. Also, the role of person-to-person transmission, which is assumed to be the major route of spreading STEC O157:H Ϫ infection provided that humans are reservoirs of these pathogens, needs to be established.
PHENOTYPIC AND VIRULENCE CHARACTERISTICS OF SF STEC O157:H ؊ STRAINS
Since SF STEC O157 strains are nonmotile, their H antigens cannot be assessed by serotyping. Therefore, analysis of the flagellin subunit-encoding (fliC) genes of representative German and Czech SF STEC O157:H Ϫ isolates was conducted (8) using the restriction fragment length polymorphism (RFLP) method described by Fields et al. (19) . This approach demonstrated that all investigated SF STEC O157:H Ϫ strains pos- sessed the fliC gene encoding H7 antigen (8) . A nucleotide sequence analysis of the fliC gene of a SF STEC O157:H Ϫ strain performed in another study (48) showed that the SF STEC O157 fliC gene accumulated multiple mutations, presumably as a result of silencing of flagellin expression (48) . Moreover, two insertions have been identified in the 5Ј conserved region of the SF STEC O157 fliC gene that produce a shift in the reading frame, thus introducing a premature stop codon (48) ; this probably forms the molecular basis of the nonmotility of such strains. The SF STEC O157:H Ϫ strains investigated to date have identical phenotypic and virulence characteristics, which are compared with those of STEC O157:H7 in Table 3 . In contrast to STEC O157:H7 strains, SF STEC O157:H Ϫ strains ferment sorbitol within 24 h of incubation and exhibit ␤-D-glucuronidase activity (2-4, 7, 8, 22, 35) . Phage typing using the E. coli O157:H7 phage typing scheme (1, 36) demonstrated that SF STEC O157:H Ϫ strains belong predominantly to phage type 88 (4, 7, 8, 39 ) and, to a lesser extent, to closely related phage type 23 (39), which have not been found among STEC O157:H7 strains (39) .
Although their virulence characteristics are similar overall to those of STEC O157:H7 strains, SF STEC O157:H Ϫ strains possess a specific combination of virulence traits. This includes stx 2 as the sole stx gene, eae encoding ␥-intimin, and a large, ca. 90-kb plasmid that contains the enterohemorrhagic E. coli (EHEC) hlyA and etp, but not espP and katP, accessory virulence genes (Table 3) . stx 2 genes in SF STEC O157:H Ϫ strains were shown to be carried by stx-converting bacteriophages (27) , as has been demonstrated for stx 1 and stx 2 of STEC O157:H7 (42, 43, 52, 71 ) . Unlike STEC O157:H7 strains that were recently shown to harbor a pathogenicity island termed TAI (tellurite resistance-and adherence-conferring island), which carries genes encoding a novel adherence-conferring protein and tellurite resistance (61), SF STEC O157:H Ϫ strains do not contain this pathogenicity island (61) ( Table 3 ). The absence of TAI from the genome of SF STEC O157:H Ϫ (61) provides a genetic explanation for the tellurite susceptibility of such strains (28), compared to the tellurite resistance of STEC O157:H7 (28, 72) . The differences between large plasmids of SF STEC O157:H Ϫ and STEC O157:H7 include, in addition to the absence of katP and espP from the former pathogens, different expression of the EHEC hlyA gene. This gene is regularly expressed in STEC O157:H7 (5, 11), giving rise to a typical enterohemolytic phenotype on blood agar plates containing washed red blood cells and Ca 2ϩ ions (enterohemolysin agar) (5, 57). However, the EHEC hlyA gene is not expressed in the majority of SF STEC O157:H Ϫ strains that are thus usually nonhemolytic on enterohemolysin agar (4, 7, 8, 11, 35; Karch, unpublished) (Table 3) . Moreover, a new gene cluster, sfp (sorbitol-fermenting EHEC O157 fimbriae, plasmid encoded), which mediates mannose-resistant hemagglutination and the expression of a novel type of fimbriae, has been recently identified on the large plasmid of SF STEC O157:H Ϫ (15a) ( Table 3) ; sfp is a unique characteristic of SF STEC O157:H Ϫ that was not found in STEC O157:H7, other STEC strains, or other members of the family Enterobacteriaceae (15a).
CLONAL ORIGIN AND EVOLUTIONARY ASPECTS OF SF STEC O157:H
؊
To investigate clonal relationships between SF STEC O157:H Ϫ strains from the 1988 to 1991 prospective German study (22) , 21 isolates were analyzed using pulsed-field gel electrophoresis (PFGE) (27) . All 21 SF STEC O157:H Ϫ strains had identical or closely related XbaI patterns that differed markedly from those of STEC O157:H7, non-sorbitolfermenting (NSF) STEC O157:H Ϫ , and SF Stx-negative E. coli O157:H45 strains (27) . These PFGE results, combined with the specific phenotypic features and virulence profiles of such strains (22, 27) (Table 3) , led to the conclusion that SF STEC O157:H Ϫ strains represent a new, distinct clone within the E. coli O157 serogroup (27) . This was confirmed in a recent study in Germany (39) in which clonal relationships of 210 STEC O157 isolates including 40 SF STEC O157:H Ϫ strains isolated during 1988 to 1998 were investigated by PFGE and P gene typing (number and genomic position of lambdoid bacteriophages) (17) . This analysis demonstrated (39) that in contrast to the genomic diversity observed among STEC O157:H7 and were derived from a common EPEC-like O55:H7 ancestor that carried the pathogenicity island LEE (locus of enterocyte effacement) and acquired during the evolution the stx 2 gene, a large plasmid, and the rfb region encoding O157 antigen (18) . In the model, the SF STEC O157:H Ϫ clone, however, evolved from an early diverging branch of the O157:H7 clone complex, along which the bacteria lost motility but retained the ancestral ability to ferment sorbitol and to express ␤-D-glucuronidase activity (18) . In accordance with the findings by Feng et al. (18) , analysis of a variety of STEC O157 and non-O157 strains from different origins based on multilocus enzyme electrophoresis (70) placed SF STEC O157:H Ϫ , STEC O157:H7, and E. coli O55:H7 in the same clonal group (EHEC 1), which was only distantly related to other STEC strains. These results are also consistent with a molecular phylogenetic analysis derived from multilocus sequencing of seven housekeeping genes (49) .
MICROBIOLOGICAL DETECTION OF SF STEC O157:H ؊ STRAINS
SF STEC O157:H Ϫ strains cannot be distinguished from commensal E. coli on sorbitol MacConkey agar (SMAC) (40) and are thus missed in laboratories that use SMAC as the only procedure for the detection of STEC O157. To screen for and isolate SF STEC O157:H Ϫ strains in addition to STEC O157: H7, culture on SMAC must be combined with approaches which target two important characteristics shared by SF STEC O157:H Ϫ strains, namely, the stx 2 gene and/or Stx2 production and the O157 lipopolysaccharide (LPS). Accordingly, the diagnostic protocol that has been successfully used to detect SF STEC O157:H Ϫ in patients in Germany includes a selective stool enrichment by the immunomagnetic separation (IMS) procedure followed by plating magnetic beads with attached O157 bacteria on SMAC (28) . The primary stool cultures are then screened for the presence of stx 2 -containing bacteria by PCR (22) . To identify SF STEC O157 strains in PCR-positive stool cultures, colony hybridization of 100 to 200 well-separated colonies is performed using a digoxigenin-labeled stx 2 probe (56). Alternatively, Stx2-producing colonies can be identified in the mixed cultures by colony immunoblot using a specific antibody (31) . The SF colonies that contain stx 2 and/or produce Stx2 need to be confirmed as E. coli O157 using standard biochemical tests (2) and agglutination with anti-O157 serum (22) . A diagnostic approach used to detect SF STEC O157 infection in the Czech Republic (7, 8) combines a direct culture or the IMS-enriched culture on SMAC (28) with the screening for the O157 antigen in stool using a commercial enzyme-linked immunosorbent assay (46) . If the latter test suggests E. coli O157 infection but no NSF colonies are present on SMAC, detection of SF STEC O157 colonies is performed by a slide agglutination assay with O157 antiserum followed by the detection of Stx2 using a commercial latex agglutination test (33) .
A substantial limitation in microbiological diagnosis of SF STEC O157:H Ϫ infection results from the fact that these strains are susceptible to tellurite (28) and cannot be isolated on cefixime-tellurite SMAC agar (28) , which is an appropriate selective medium for STEC O157:H7 (28, 72) . Moreover, the absence of the enterohemolytic phenotype from most SF STEC O157:H Ϫ strains (4, 7, 8, 11, 35) (Table 3 ) makes impossible the detection of such strains on enterohemolysin agar. Thus, microbiological diagnosis of SF STEC O157:H Ϫ infection is difficult at present and requires laborious and timeconsuming methods. This, combined with the emergence of these pathogens as important causes of serious human diseases in continental Europe, accentuates the need to develop a selective medium for the isolation of SF STEC O157 strains. Before such a medium is available, increased diagnostic efforts to isolate SF STEC O157 strains optimally by combining the IMS selective enrichment with methods detecting stx 2 and/or Stx2 are warranted in patients with HUS and patients with diarrhea who have evidence of E. coli O157 infection (e.g., the presence of the O157 antigen in stool and/or the presence of immunoglobulin M [IgM] anti-O157 LPS antibodies [9] but have no NSF colonies in their stool cultures.
SHIGA TOXIN-NEGATIVE SF E. COLI O157:H ؊ STRAINS ISOLATED FROM PATIENTS
Recently, SF E. coli strains of serotype O157:H Ϫ that did not contain stx genes were reported from our laboratory (59) . These isolates originated from five epidemiologically unrelated patients who suffered from HUS (n ϭ 2) or from diarrhea (n ϭ 3). Similar to SF STEC O157:H Ϫ strains, all stx-negative isolates harbored the fliC gene encoding H7 antigen, the eae gene encoding ␥-intimin, and plasmid genes including the EHEC hlyA and etp genes. Random amplified polymorphic DNA-PCR analysis demonstrated that all stx-negative SF E. coli O157:H Ϫ isolates belonged to the same genetic cluster and were closely related to SF STEC O157:H Ϫ strains. Both HUS patients had anti-O157 IgM antibodies supporting the etiological role of the isolates in the underlying disease. However, one of the HUS patients was coinfected with STEC O103:H2 (59) . Between 1994 and 2000, a total of nine stx-negative SF E. coli O157:H Ϫ strains were isolated in our laboratory, five of them from HUS patients and four from patients with diarrhea (Karch, unpublished) . During this 7-year period, stx-negative SF E. coli O157:H Ϫ accounted for 9.1 and 16.7% of SF E. coli O157:H Ϫ isolates from patients with HUS and patients with diarrhea, respectively, and for 2 and 3.4% of all E. coli O157 isolates from the respective patients (Karch, unpublished) .
Moreover, an additional six stx-negative SF E. coli O157:H Ϫ strains were isolated during a family outbreak in Austria (3). Five of these isolates were undistinguishable by their PFGE patterns, phage types, and P gene profiles from the SF STEC O157:H Ϫ clone that causes human disease in Germany. Two of the family members from whom these strains were isolated, including children aged 10 months and 2 years, suffered from severe watery diarrhea for 30 and 10 days, respectively; three adults were asymptomatic. Stools from all family members were negative for obligatory bacterial enteric pathogens, rotaviruses, and parasites. The only serum sample tested during this outbreak was obtained from one of the asymptomatic persons and contained IgM antibodies against O157 LPS (3), as observed previously in German HUS patients infected with stx-negative SF E. coli O157:H Ϫ strains (59). The origin of stx-negative SF E. coli O157:H Ϫ strains, their role in human disease, and their pathogenic mechanism(s) are not understood at present. Such strains could arise from original infecting SF STEC O157:H Ϫ organisms by the loss of their stx genes during infection, isolation, or subculture. Alternatively, the stx-negative SF E. coli O157:H Ϫ strains might be progenitors of SF STEC O157:H Ϫ that could, in the future, become STEC by transduction with stx-converting bacteriophages. If the strains isolated in Germany and Austria were inherently stx negative and indeed caused the underlying diseases including HUS, they might possess an additional, as-yetunidentified, virulence factor(s) that could contribute to the pathogenesis of such diseases. Moreover, the role of intimin in the development of watery diarrhea upon infection with stxnegative but eae-positive SF E. coli O157:H Ϫ strains has been proposed (3). Important from the diagnostic point of view is the fact that the stx-negative SF E. coli O157:H Ϫ strains would be overlooked in patients' stools not only on SMAC but also when diagnostic protocols that rely on the detection of stx genes or Stx production were used. Their isolation requires stx-independent recovery techniques such as the detection of the eae gene (59) and/or the detection of the O157 antigen (3).
FUTURE PERSPECTIVES
As a prerequisite for investigating the significance of SF STEC O157:H Ϫ infection in human diseases worldwide and for a better understanding of the epidemiology of this infection, microbiological detection of these pathogens must be improved. Optimally, a combination of a selective medium for the isolation of SF STEC O157:H Ϫ and the IMS enrichment could result in a highly sensitive and specific diagnostic procedure that would allow a maximum isolation rate of these pathogens from clinical and environmental samples to be achieved. The application of such an optimized diagnostic protocol in clinical and epidemiological studies worldwide should provide information about whether SF STEC O157:H Ϫ strains are indeed limited to continental Europe or whether they are also distributed in other parts of the world where they are currently underdetected. Moreover, such a diagnostic approach would also enable the role of cattle and other animals versus humans as reservoirs of SF STEC O157:H Ϫ to be further evaluated and additional routes of transmission of this infection to be assessed. This would provide a basis for implementation of effective measures for the prevention of the human diseases caused by these pathogens.
To gain deeper insight into the clonal structure of SF STEC O157:H Ϫ strains that are closely related based on their PFGE profiles, and to subtype such strains in epidemiological studies, a typing method which could provide additional strain discrimination within the SF STEC O157:H Ϫ clonal group needs to be established.
Recently, the sequence of the whole genome of STEC O157:H7 strain EDL 933 was published (47) , and the genomic sequencing of the STEC O157:H7 strain from the Japanese Sakai outbreak is in progress [K. Makino, K. Yokoyama, T. Hayashi, M. Ohnishi, M. Hattori, T. Yasunaga, K. Kurokawa, T. Honda, T. Iida, C. Sasakawa, and H. Shinagawa, Abstr. 4th Int. Symp. Workshop "Shiga toxin (Verocytotoxin)-producing Escherichia coli infections" 2000, Kyoto, Japan, abstr. P5-1, p. 57, 2000] . A complete sequence analysis of the SF STEC O157:H Ϫ genome, which is under way in our laboratory, will allow genomic differences between SF STEC O157:H Ϫ and STEC O157:H7 to be defined, a full spectrum of virulence characteristics of SF STEC O157:H Ϫ strains to be identified, a comparison of these virulence characteristics with those of STEC O157:H7 to be made, and the genetic, evolutionary, and phylogenetic relationships between both STEC O157 pathogens to be further elucidated.
Finally, the origin of stx-negative SF E. coli O157:H Ϫ strains which are being increasingly isolated from patients with HUS or diarrhea, their etiological role in human disease, and their pathogenic mechanism(s) need to be clarified.
